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Abstract. CBS-Q//B3, G4MP2, and G4 composite method calculations were used to estimate gas phase 
standard state (298.15 K, 1 atm) free energies of hydration (ΔhydrG°(g)), hydration equilibrium constants 
(log Khydr,(g)), bond dissociation enthalpies (BDEs), and enthalpies (ΔdH°(g)) and free energies (ΔdG°(g)) of 
aldehydic  proton  acid  dissociation  for  various  substituted  aldehydes  with  electron  withdrawing and 
electron releasing groups. Good quality log Khydr,(g) correlations with the Swain-Lupton resonance effect 
parameters R and R+ were found, allowing extension of the model to predict log Khydr,(g) values for 487 
substituted  aldehydes having available  R-values and 108 substituted aldehydes having available  R+-
values. Good correlations were also found between experimental aqueous phase hydration equilibrium 
constants (log Khydr,(aq)) and summative  R/R+-values for peripheral substituents on a range of carbonyl 
derivatives  (aldehydes,  ketones,  esters,  and  amides),  suggesting  the  structure-reactivity  modeling 
approach can be extended to include all possible combinations of R1C(O)R2 carbonyl substitution in 
both  gas  and aqueous systems.  Computationally  derived  BDEs and ΔdH°(g) /  ΔdG°(g) were  in  good 
agreement with the limited experimental and theoretical datasets. BDEs did not generally correlate with 
any of the Hammett substituent constants or Swain-Lupton parameters considered. Gas phase acidities 
exhibited high correlation coefficients with Hammett inductive substituent constants (σI) and field effect 
parameters (F),  allowing these to be employed as surrogates for estimating the  gas phase aldehydic 
proton acidities of a larger potential compound range.






































The solution phase hydration of carbonyl compounds plays a fundamental role in organic chemistry 
and biochemistry owing to the mechanistic importance of tetrahedral intermediates,  as well  as both 
thermodynamic and kinetic relevance in synthetic, industrial, medicinal, and environmental chemistry.1, 2 
Aqueous  phase  studies  have  shown  hydration  equilibria  can  be  substantial  for  some  substituted 
aldehydes,3-8 and corresponding structure-reactivity investigations have correlated equilibrium constants 
with  Hammett  substituent  parameters  and  applied  other  linear  free  energy  approaches.8-14 Because 
carbonyl hydration is less favorable in the gas phase, theoretical studies have generally concentrated on 
aqueous  phase  reactivity  and  mechanistic/kinetic  modeling  and  are  typically  limited  to  smaller 
compounds such as formaldehyde, with fewer studies focusing on larger databases of molecules and/or 
gas phase equilibria.15-29
Among the various classes of carbonyl derivatives, aldehydes play an important role in the chemistry 
of natural and polluted atmospheres.30-32 Recent findings suggest that some hydrated aldehydes may have 
significant  populations  in  air  samples,33-36 warranting  their  consideration  in  environmental  fate  and 
toxicology modeling efforts, gas-particle and air-water partitioning studies, and our understanding of 
formation pathways for secondary organic aerosols. Furthermore, given the complexity of atmospheric 
chemistry,  and  the  ever  increasing  diversity  of  anthropogenic  compounds  being  emitted  into  the 
troposphere, there is also a need to investigate the potential gas phase hydration behavior for a broad 




































relationships,  as these can be included in environmental  models and be applied to systems that  are 
difficult to measure experimentally or model theoretically. In some cases, experimental measurements of 
gas phase aldehyde hydration may not be possible because of the low value of an equilibrium constant 
or competitive side reactions for reactants and products.
In  the  current  work,  we employ  high  level  theoretical  methods  and  established physical  organic 
substituent constant/structure-property approaches to study equilibria for the gas phase hydration of a 
wide range of substituted aldehydes. In addition, we have examined the gas phase bond dissociation 
enthalpies  (BDEs)  and  aldehydic  hydrogen  acidities  for  various  aldehydes  with  the  intent  of 
benchmarking the composite methods and examining possible structure-activity relationships. Gas phase 
BDEs are directly relevant for atmospheric chemistry, as they are strongly related to rates of degradation 
by oxidants such as the hydroxyl, nitrate, and chlorine radicals and ozone. In addition, gas phase BDEs 
are often correlated with solution phase BDEs, and consequently offer insights into likely condensed 
phase reactivity trends. Gas phase acidities of these compounds are both of fundamental interest, and 
often correlate with solution phase acidities in various solvents.
Computational Methods
Calculations were conducted using Gaussian 09.37 All calculations used the same gas phase starting 
geometries  obtained  with  the  PM6  38 semiempirical  method  as  implemented  in  MOPAC  2009 




































method.39,40 Gaussian-n calculations used the G4 41 and G4MP2 42 methods. All molecular enthalpies and 
free  energies  include  zero  point  and  thermal  corrections.  For  hydrated  aldehydes,  no  a  priori 
assumptions were made regarding molecular conformations. All hydrated compounds were subjected to 
a molecular mechanics (MM) molecular dynamics (MD) conformational search with an unconstrained 
MD trajectory  via  the  Verlet  velocity  algorithm and  quasi-Newton  gradient  (maximum number  of 
iterations=10,000;  ε=10-4) using  the  following  default  parameters  in  Gabedit  v.2.2.12 
(http://gabedit.sourceforge.net/):43 Amber  MM  model  with  inclusion  of  bond  stretch,  angle  bend, 
torsion, non-bonded, and electrostatic charge-charge terms;  post-processing identical structure removal 
with an energy tolerance of 0.01 kcal/mol and distance tolerance of 0.01  Å and maximum 10 final 
lowest energy structures. Additional MM conformational studies were conducted using the MMFF94 
force field and a systematic rotor search within Avogadro v.1.0.1 (http://avogadro.openmolecules.net/).  
Depending on the number of conformers generated by each approach, between two and nine lowest 
energy MM conformations for each hydrated compound were subjected to calculations at each of the 
CBS-Q//B3,  G4MP2,  and  G4  levels  of  theory.  Only  the  lowest  energy  conformation  (cartesian 
coordinates provided in Supporting Information; graphical illustrations of the G4 level lowest energy 
minima  are  given  in  Supporting  Information  Figure  S1)  for  each  compound  from each composite 
method calculation was used for further analysis. Optimized structures were confirmed as true minima 
by vibrational analysis at the same level. Unless otherwise noted, all Hammett substituent constants and 
resonance and field parameters are from the compendium of Hansch et al.44 Statistical analyses were 





































Aldehyde substituents were chosen to span a broad range of electron withdrawing (EWG) and electron 
releasing (ERG) abilities. The resulting gas phase standard state (298.15 K, 1 atm) Gibbs free energies 
of hydration (ΔhydrG°(g); Figure 1) calculated at the CBS-Q//B3, G4MP2, and G4 levels of theory span 
28.0 kcal/mol from -6.8 (H(O)CPF4) to 21.2 (H(O)CN(CH3)2) kcal/mol (Table 1). The corresponding 
equilibrium constants  (log  Khydr,(g))  range  over  20.5  orders  of  magnitude  from +5.0  to  -15.5.  Good 
agreement was found among the three theoretical methods, with mean unsigned maximum variations in 
ΔhydrG°(g) and log Khydr,(g) of 1.3 kcal/mol and 1.0 units, respectively.
Our ΔhydrG°(g) for formaldehyde (1.2 to 2.3 kcal/mol) are in good agreement with the HF/6-31G(d,p) 
and HF/6-31+G(d,p) results of Ventura et al. (0.5 and 2.3 kcal/mol, respectively),17,20 but these authors 
found substantially more favorable ΔhydrG°(g) at the other levels of theory they considered (all values in 
kcal/mol):  MNDO  (-3.7),  AM1  (-13.2),  PM3  (-3.1),  MNDO/M  (-20.6),  HF/4-31G  (-1.7),  MP2/6-
31G(d,p) (-0.2), and MP3/6-31G(d,p) (-1.4). In another study, Erion and Reddy 21 found formaldehyde 
ΔhydrG°(g) using  various  levels  of  theory  of  -0.6  (MP4/6-31G**),  -1.0  (QCISD(T)/6-31G**),  -1.1 
of(HF/6-31G**), -1.8 (MP2/6-31G**), and -3.0 (MP3/6-31G**) kcal/mol. This group also conducted 
calculations on CCl3C(O)H, obtaining the following ΔhydrG°(g): -0.7 (HF/6-31G**), -1.1 (MP4/6-31G**), 
-1.9 (QCISD(T)/6-31G**), -2.6 (MP2/6-31G**), and -3.9 (MP3/6-31G**) kcal/mol. By comparison, we 





































The  calculated  ΔΔhydrG°(g) of  about  zero  between  formaldehyde  and  CCl3C(O)H  is,  however, 
equivalent between our work and that of Erion and Reddy 21 at all levels of theory in both studies. These 
authors also found ΔΔhydrG°(g) between formaldehyde and acetaldehyde at 3 to 4 kcal/mol, in qualitative 
agreement with our value of 1.5 kcal/mol using each of the CBS-Q//B3, G4MP2, and G4 methods. The 
comparison  suggests  a  systematic  difference  in  the  results  between  our  two  investigations,  with 
qualitative agreement but modest quantitative disagreement. There is clearly substantial disagreement 
(on the order of several kcal/mol) between various levels of theory regarding the ΔhydrG°(g) for even 
simple aldehydes. It is of interest that many of the prior semiempirical, HF, DFT, and MPn calculations 
predicted a ΔhydrG°(g)<0 for formaldehyde. If such was the case, we would expect to see a dominant 
population of the hydrated form during gas phase studies of this compound, which is not observed 
experimentally.7,45
More recently,  Kent  et  al.  46 have  conducted  a  theoretical  study of  the  conversion  of  gas  phase 
methandiol  to  formaldehyde.  Using  the  HF,  MP2,  MP4,  CCSD,  CCSD(T),  and  QCI(T)  model 
chemistries with the cc-pVDZ and cc-pVTZ basis sets, these authors obtained ΔhydrG°(g) ranging from 1.0 
to  3.3  kcal/mol,  with  the  highest  level  CCSD(T)/cc-pVTZ and  QCI(T)/cc-pVTZ methods  yielding 
ΔhydrG°(g) of  1.0  and  1.1  kcal/mol,  respectively.  The  values  are  in  excellent  agreement  with  our 
calculations, particularly our G4 ΔhydrG°(g) of 1.2 kcal/mol. Consequently, the similar positive ΔhydrG°(g) of 
1  to  2 kcal/mol reported herein and by  Kent  et  al.  46 using high-level  methods are likely the most 




































Increasing EWG strength results in more favorable ΔhydrG°(g) at the CBS-Q//B3, G4MP2, and G4 levels 
of theory, as the electron withdrawing substituents increase the electrophilicity of the carbonyl carbon. 
To quantify this effect, we applied the Swain-Lupton approach 47-49 using field effect (F) and resonance 
effect (R) parameters 44 for each of the substituted aldehydes in the following equation, where f and r are 
coefficients obtained from multiple linear regression and C is a regression constant: log Khydr,(g) = fF + rR 
+ C. During our initial statistical investigations, we observed that  C≡C-CH3 (R=-0.26) was clustering 
separate  from the  other  α-sp carbons (C≡C-H,  C≡C-CF3,  C≡C-C6H5,  and  C≡N).  The  cause of  this 
discrepancy, either an erroneous  R-value for C≡C-CH3 or an exception to an expected  α-sp grouping 
system for  ΔhydrG°(g), cannot be unambiguously resolved without new experimental data.  R-values are 
commonly derived from F-values and Hammett substituent constants by way of equations such as R = 
σp – αF (where α=0.921).50 Using this  equation  and the σp and  F-values given by Hansch et  al.  44 
consistently yields R-values for C≡C-H (0.01 vs. 0.03), C≡N (0.19 vs. 0.15), C≡C-CH3 (-0.24 vs. -0.26), 
C≡C-CF3 (0.17 vs. 0.14), and  C≡C-C6H5 (0.03 vs. 0.01)  within ±0.04 units of those provided in ref. 
(44). If one assumes the contribution of the α-C≡C moiety to the σp of C≡C-H, C≡C-CH3, C≡C-CF3, and 
C≡C-C6H5 is constant, and that the  σp are all accurate, linearly regressing the  σp of H (0.00), CH3 (-
0.17), CF3 (0.54), and C6H5 (-0.01) against the σp of C≡C-H (0.23), C≡C-CH3 (0.03), C≡C-CF3 (0.51), 
and  C≡C-C6H5 (0.16) should give a high correlation coefficient, which is the case (r=0.981, p=0.02, 
m=0.64, b=0.17).
Similarly, assuming the contribution of the α-C≡C moiety to the F-value of C≡C-H, C≡C-CH3, C≡C-
CF3, and  C≡C-C6H5 is constant, and that the  F-values are all accurate,  linearly regressing the  F of H 
(0.03), CH3 (0.01), CF3 (0.38), and C6H5 (0.12) against the F of C≡C-H (0.22), C≡C-CH3 (0.29), C≡C-




































regression is non-significant (p=0.40).  Omitting  C≡C-CH3 does not result  in a significant regression 
(p=0.36). F-values can also be estimated from equations of the form F = aσm + bσp + ε, where constants 
of a=1.369 / b=-0.373 / ε=-0.009 50 and a=1.297±0.147 / b=-0.385±0.089 / ε=0.033±0.026 44 have been 
reported. Use of these constants and the σm and σp values from ref. (44) yields  F-values of 0.27 and 
0.29, respectively, in agreement with the original F-value of 0.29. To examine the potential inaccuracy 
of σm for C≡C-CH3,  σm for H (0.00), CH3 (-0.07), CF3 (0.43), and C6H5 (0.06) were linearly regressed 
against  the  σm of  C≡C-H (0.21),  C≡C-CH3 (0.21),  C≡C-CF3 (0.41),  and  C≡C-C6H5 (0.14).  Neither 
regressions using all four paired compounds (p=0.13) or  C≡C-H,  C≡C-CF3,  and  C≡C-C6H5 (p=0.24) 
yield significant relationships.
However, the available substituent constant dataset for  α-sp carbons may be insufficient to evaluate 
the reliability  of the C≡C-CH3 R-value.  Thus,  we looked at  the correlation between the  Σσm-values 
(σm,R1+σm,R2)  for  substituents  on  CH=C(R1R2)  functionalities  and  the  σm-values  for  the  entire 
CH=C(R1R2) moieties on the following groups: CH=CH2, CH=C(CN)2, CH=CH(NO2)-t, CH=CH(CF3)-
c, CH=CH(CF3)-t, CH=CH(SO2CF3),  CH=CH(CN), CH=CH(CHO), CH=CH(Me)-t, CH=CH(COMe), 
CH=CH(COOEt), CH=CH(C6H5), and CH=CH(COC6H5). In this larger dataset, we found a significant 
linear relationship (r=0.942, p<10-5, m=0.46, b=0.02), suggesting that an analogous trend should exist 
for  C≡C-R groups. Thus, approximating the trend between σm for H, CF3, and C6H5 against the σm of 
C≡C-H,  C≡C-CF3, and  C≡C-C6H5 (m=0.56, b=0.16), and intersecting the  σm of CH3 (-0.07), yields a 
revised C≡C-CH3 σm of 0.12. With a σm=0.12 for C≡C-CH3, F-values of 0.14 and 0.18 are obtained with 
the equation  F = aσm + bσp + ε and the corresponding regression constants from ref.  (50) and (44), 
respectively. Consequently, revised R-values of -0.10 and -0.14 for C≡C-CH3 arise from the relationship 




































sp carbons in plots of ΔhydrG°(g) against R at each level of theory we examined, and we use this revised 
R-value in subsequent analyses and discussions. However, future experimental clarification on this issue 
is required. 
Using both  the  field  and resonance  effect  substituent  constants,  we obtain  reasonable  correlation 
coefficients (n=31) with corresponding values for f, r, and C at the three levels of theory (error bars are 
standard  errors  throughout  the  manuscript):  CBS-Q//B3,  r=0.926,  SE=1.61,  CV=-0.51,  f=2.79±1.44 
(p=0.06),  r=13.1±1.1  (p<10-11),  C=-2.68±0.54  (p<10-4);  G4MP2,  r=0.918,  SE=1.61,  CV=-0.40,  f 
=2.24±1.44 (p=0.13),  r=12.5±1.1 (p<10-10),  C=-3.51±0.54 (p<10-6); and G4, r=0.918, SE=1.64, CV=-
0.50,  f =2.40±1.47 (p=0.11),  r=12.7±1.2 (p<10-10),  C=-2.74±0.55 (p<10-4).  All three levels of theory 
yield  statistically  non-significant  (p>0.05)  regression  coefficients  for  the  field  effect  constant  F, 
suggesting a significant  probability  that  f≈0 (and thus,  negligible  field  effects).  Although Hammett 
substituent constants (σm, σp, σp+, σp-, σF, σI, σR, σR+, σ*/Es, and σR-) and R- values are not available for all 
substituents under consideration, the available subsets we examined did not provide as good correlations 
as the F/R values, and were not considered further.
Consequently, we omitted the field effect term from further analysis, and investigated the theoretical 
gas phase hydration thermodynamics using only the resonance effect parameters  R (Figure 2) and R+ 
(Figure 3). Using the  R parameter,  the following two generally separate aldehyde substituent groups 
emerge from the analysis, with approximately parallel regression lines for R against log Khydr,(g): (a)  α-
sp3 carbons and α-saturated  and unsaturated  heteroatoms;  and (b)  α-sp and α-sp2 carbons.  Linearly 
regressing the CBS-Q//B3, G4MP2, and G4  log Khydr,(g) against the corresponding  R-values gave the 




































combined into a single group. Although strong correlations for log Khydr,(g) were observed at each level of 
theory  against  the  R-values  within  each  group  ((a),  r>0.954;  (b),  r>0.973),  and  for  all  compounds 
combined (r>0.912), the use of the R+ resonance effect parameter for positively charged reaction centers 
substantially improved the quality of fit for all compounds (r>0.958) on the subset of 20 substituents 
having available  R+-values (Figure 3 and Table 3). By comparison, correlation coefficients of 0.941 
(CBS-Q//B3),  0.938  (G4MP2),  and  0.937  (G4)  were  found  between  the  estimated  log  Khydr,(g) and 
corresponding R-values for this 20 substituent subset, displaying both lower quality regression fits and 
separate  grouping  of  sp3 versus  sp/sp2 hybridized  α-carbons  (Supporting  Information  Figure  S2) 
compared to the application of  R+-values (where α-carbon hybridization dependent clustering was not 
observed).  We  note  our  use  of  a  revised  R+-value  of  -0.38  for  para-bromobenzene  (C6H4-4-Br), 
corrected from the value of +0.38 given in Table V of Hansch et al. [44] The positive R+ for C6H4-4-Br in 
ref. (44) is likely a typographic error, as analogous electron withdrawing substituents on benzene have 
negative R+-values (e.g., C6H4-4-Cl, -0.37; C6H4-3-Cl, -0.34; and C6H4-4-NO2, -0.22), as do the parent 
halogen substituents (e.g., F=-0.52, Cl=-0.31, and Br=-0.30). The use of either R or R+ based resonance 
parameters for  log Khydr,(g) correlation analysis is theoretically  defensible,  since both the neutral  and 
charge separated carbonyl resonance forms (C=O and C+-O-) are expected to contribute to the hydration 
reaction.  Multiple  linear  regressions of  the  general  form log K =  rR +  r+R+ +  C (where  r and  r+ 
potentially represent the relative contributions of the neutral and positively charged resonance forms) 





































Application of the  R-value based regression equations towards 487 substituted aldehydes (including 
the 31 compounds in the training set)  with available  R-values for uncharged substituents yields the 
estimated log Khydr,(g) ranging between -16.0 (N(C3H7)2) and +10.6 (N=NPO(OEt)2) shown in Supporting 
Information Table S1. Analogous application of the  R+-value based regression equations towards 108 
substituted aldehydes (including the 20 compounds in the training set)  with available  R+-values  for 
uncharged substituents  yields  the  estimated  log  Khydr,(g) ranging between -17.7  (N(C2H5)2)  and +2.8 
(P(C6H5)2) shown in Supporting Information Table S2. Charged substituents (e.g., O-, CO2-, N+(CH3)3) 
were not considered in these gas phase log Khydr estimates using either the  R or  R+ based approaches 
because these charge side groups are generally considered non-volatile and are not expected to have 
significant gas phase populations amenable to hydration reactions. Similarly, a number of substituents 
included in our analysis would also be expected to undergo hydrolysis in the presence of atmospheric 
water (e.g., acyl halides, transition metal complexes) at rates competitive with, or exceeding, that of 
corresponding aldehyde hydrolysis reactions, but they are retained in the database for completeness. 
Regression  derived standard errors  in  the  log Khydr,(g) estimates  are  about  1.0 to  1.5  units  for  most 
compounds. For the 108 substituents with both R and R+ values, good agreement was observed between 
log Khydr,(g) obtained using both correlation approaches at each level of theory (Supporting Information 
Figure  S3).  The  value  of  such  correlations  and  resulting  log  Khydr,(g) estimates  resides  in  the 
conformational complexity and large size of many substituents for which R/R+-values are available. In 
many cases, high level calculations on these moieties are either impossible (beyond the basis set limits) 





































As a sample application of these results, recent experimental  33 and theoretical  34 evidence suggests 
perfluoroalkyl aldehydes (PFAlds) are likely present in the atmosphere in the hydrated form. These 
compounds are both derivatives and precursors of other well known perfluorinated compounds, and are 
thought  to  play  an  important  role  towards  our  understandings  into  the global  cycling  of  these 
contaminants.51-53 As part of our initial suite of calculations provided in Table 1, we found that the C 1 
PFAld (CF3C(O)H) is expected to have a log Khydr,(g) ranging from 0.6 (G4MP2) to 1.8 (CBS-Q//B3), 
consistent with the experimental data.33 Additional calculations at the CBS-Q//B3 and G4MP2 levels on 
the C2 (CF3CF2C(O)H), C3 (CF3(CF2)2C(O)H), and C4 (CF3(CF2)3C(O)H) PFAlds gave the following log 
Khydr,(g): C2, 0.9 (CBS-Q//B3) and -0.3 (G4MP2); C3, 0.7 (CBS-Q//B3) and -0.4 (G4MP2); and C4, 1.1 
(CBS-Q//B3) and -0.1 (G4MP2). Corresponding G4 calculations on the C2 through C4 PFAld derivatives 
were impractical due to the high computational expense. By comparison, the Swain-Lupton regression-
derived log Khydr,(g) for these compounds using correlations with R-values are 0.1CBS-Q//B3 / -1.0G4MP2 (C2), 
-0.2CBS-Q//B3 / -1.3G4MP2 (C3), and 0.1CBS-Q//B3 / -1.0G4MP2 (C4). R+ substituent constants are not available for 
CF3CF2, CF3(CF2)2, and CF3(CF2)3. The results show that the longer chain (i.e., >C4) PFAlds – which 
are of primary interest to the environmental chemistry community – will likely be present substantially, 
if not dominantly, as the hydrated form in the atmosphere. Similarly, other aldehydes with α-EWGs 
such as nitro and variously substituted carbonyl moieties are also expected to have significant hydrated 
populations in gas phase atmospheric samples. Consequently, ambient atmospheric modeling efforts and 
associated risk assessments, as well as studies in engineered systems, will need to account for the gas 
phase  hydration  of  such compounds.  In  another  experimental  study,  Axson et  al.  35 have  recently 
provided an experimental log Khydr,(g) of 2.2±0.1 for methylglyoxal (H3CC(O)C(O)H). Our calculations 




































work,  Axson  et  al.  35 noted  that  their  reported  log  Khydr,(g) is  “significantly  more  favorable  than 
theoretical predictions, even ones made in aqueous solution.” Our results are, however, consistent with 
those of Barsanti and Pankow, who estimated that gas phase hydration of methylglyoxal would not be 
thermodynamically  favorable.54 Further  clarification  is  required  to  better  define  whether  the  two 
theoretical  estimates,  or  the  experimental  datapoint,  accurately  reflect  the  gas  phase  hydration 
thermodynamics of this model secondary organic aerosol precursor.
Our calculations were limited to gas phase asymmetric carbonyl substitutions of the general form 
R1C(O)R2 where R2=H (i.e., aldehydes). We sought to examine whether the findings could be extended 
into the aqueous phase and also towards symmetric and asymmetric carbonyl substitutions where R2≠H 
and R1=R2 or R1≠R2 (i.e.,  ketones and carboxylic acid derivatives). Gomez-Bombarelli et al.  26 have 
recently published a compilation of experimental  log Khydr,(aq) and conducted corresponding B3LYP/6-
31++G(d,p),  MP2/6-31++G(d,p),  and  CBS-Q  log  Khydr,(aq) calculations  directly  using  the  IEFPCM 
implicit solvation model. When the sum of the  R-values (ΣR=RR1+RR2) on either side of the carbonyl 
moiety from this compilation is plotted against the experimental log Khydr,(aq) values, a strong correlation 
exists (n=35, r=0.975, p<10-22, SE=1.22, CV=-0.29, m=14.78±0.59, b=2.13±0.33) among all datapoints, 
although the three thioesters (H(O)CSC2H5, H3CC(O)SC2H5, and F3CC(O)SC2H5) are outliers (Figure 
4(a)).  The  use of  R+ (ΣR+=R+R1+R+R2)  does not  substantially  change the  summary statistics  for  the 
correlation (n=28, r=0.972, p<10-17, SE=1.20, CV=-0.28, m=8.08±0.38, b=2.31±0.38), but removes the 
outlying  nature  of  various  substituent  groups  (notably  the  thioesters),  thereby  allowing  greater 
confidence in applying the regression towards substituent functional group classes not included in the 
training set.  SC2H5 does not have a R+-value in Hansch et al.;[44] thus, a value of -0.81 was estimated 




































 The  strong  agreement  for  ΣR and  ΣR+ based  approaches  towards  log  Khydr,(aq) estimation  across 
multiple functional group classes and over a log Khydr,(aq) range of about 20 units suggests that not only 
can the gas phase R/R+-value log Khydr modeling approaches extend into aqueous systems, but also that a 
simple summative approach to R/R+-values about the carbonyl moiety can likely be used to extend our 
log Khydr,(g) regression equations presented above towards all possible functional group combinations of 
R1C(O)R2. A sample application of the ΣR+ based approaches towards log Khydr,(aq) estimation for various 
aldehydes is provided in Supporting Information Table S3. Using the regression equation shown in 
Figure 4(b),  log Khydr,(aq) were estimated for 115 aldehydes having available  R+ substituent constants 
from ref. (44). Predicted log Khydr,(aq) range from -18.4 (S-) for strongly electron releasing substituents to 
+7.2 (P(C6H5)2) for strongly electron withdrawing groups. The estimated log Khydr,(aq) end members are 
the  symmetric  ketones  C(O)S22- (log  Khydr,(aq)=-39.0)  and C(O)(P(C6H5)2)2 (log  Khydr,(aq)=+12.0),  well 
outside the current  experimental  range of -14.2 to +3.4.  We note that  many of the substituents are 
susceptible  to rapid aqueous phase hydrolysis  (e.g.,  various carboxylic  acid derivatives),  and would 
therefore  hydrolyze  having kinetic  parameters  competitive  with – or  exceeding – that  of  hydration 
reactions, but we retain these functional groups in the database for completeness.
Gas phase standard state (298.15 K, 1 atm) bond dissociation enthalpies (BDEs) were also calculated 
at the CBS-Q//B3, G4MP2, and G4 levels of theory on various substituted aldehydes (Table 4). Good 
agreement was found between the theoretical values and the limited available experimental dataset. The 
radical species of several α- and β-unsaturated members (R=C(O)CH3, CH=CH2, C≡CH, NO2, C≡CCH3, 




































were omitted from further analysis. We found no high quality general correlations between BDEs at any 
of the levels of theory and F, R, R+, R-, σm, σp, σp+, σp-, σF, σI, σR, σ*/Es, σR+, and σR- substituent constants.
Analogous calculations were conducted to estimate the  gas phase standard state (298.15 K, 1 atm) 
enthalpies (ΔdH°(g)) and free energies (ΔdG°(g)) of aldehyde proton acid dissociation for these compounds 
(Table 5). As with the BDE calculations, good agreement was found between the theoretical values and 
the available experimental dataset. The deprotonated anionic forms did not converge at all levels of 
theory for the following aldehyde substituents: NH2, C≡N, C≡CH, C≡CCH3, C≡CCF3, NO2, CF3, Cl, Br, 
SiH3, Si(CH3)3, SiH3, SiF3, SiCl3, CCl3, CBr3, C(C≡N)3, PF4, and GeH3.
Multiple linear regression of the σm/σp, σI/σR, and F/R pairs did not yield high quality correlations with 
statistical significance for both independent variables. Among the univariate correlations,  σI displayed 
an excellent quality of fit (n=9, r=-0.966, SE=3.1, CV=0.008, m=-60.3±6.1, b=387.1±1.4) against the 
G4  ΔdG°(g) data,  in  addition  to  the  CBS-Q//B3  (n=9,  r=-0.965,  SE=3.1,  CV=0.008,  m=-59.7±6.1, 
b=387.2±1.4)  and G4MP2 (n=9,  r=-0.967,  SE=3.0,  CV=0.008,  m=-59.0±5.9,  b=386.7±1.4)  datasets. 
Multiple regression of the general form ασI + βσR = ΔdG°(g) gave insignificant (p>0.05) β-coefficients 
for σR, suggesting inductive influences dominate gas phase acidity variations for substituted aldehydes. 
Similar qualities of fit were obtained between σI and the theoretical ΔdH°(g) (all n=9): CBS-Q//B3, r=-
0.967,  SE=3.1,  CV=0.008,  m=-60.6±6.0,  b=395.4±1.4;  G4MP2,  r=-0.969,  SE=2.9,  CV=0.008,  m=-
59.8±5.7, b=394.8±1.3; and G4, r=-0.969, SE=3.0, CV=0.008, m=-61.3±5.9, b=395.3±1.4.
Using these correlations and σI values for a range of substituents reported by Charton  55 yields the 




































from 351.8 to 396.0 kcal/mol,  and a ΔdG°(g) range from 344.3 to 387.8 kcal/mol.  These boundaries 
correspond to the currently  known experimental  data  end members for  fluorine  and dimethylamino 
substituents,  respectively.  We also note that the Swain-Lupton  F-parameter yields a modestly lower 
quality of fit as compared to the  σI substituent constant (e.g., r of -0.924 against the G4 ΔdG°(g) data, 
compared to a corresponding r of  -0.966 for σI),  but a larger parameter database is available for  F, 
thereby substantially extending the range of possible substituents that can be modeled. In addition,  σI 
can be estimated from F-values using equations such as F = 0.888σI + 0.017,[44] further extending the 
scope of our ΔdH°(g) / ΔdG°(g) models.
Conclusions
Gas phase standard state (298.15 K, 1 atm) free energies of hydration (ΔhydrG°(g)) and corresponding 
equilibrium constants (log Khydr,(g)), bond dissociation enthalpies (BDEs), and enthalpies (ΔdH°(g)) and 
free energies (ΔdG°(g)) of aldehydic proton acid dissociation were calculated using the composite method 
CBS-Q//B3, G4MP2, and G4 levels of theory on a range of substituted aldehydes with various electron 
withdrawing and electron releasing groups. More electron withdrawing substituents increasingly favor 
higher log Khydr,(g), and two groupings of theoretical values that depend on substituent classification each 
display  excellent  correlation  with  the Swain-Lupton resonance effect  parameters  R and  R+,  and no 
significant correlation with the corresponding field effect parameter (F). Using these correlations, log 
Khydr,(g) was  predicted  for  487  substituted  aldehydes  having  available  R-values  and  108  substituted 
aldehydes having available  R+-values. The sum of  R and  R+ on substituents attached to members of 
various  carbonyl  derivative  classes  also  display  strong  correlations  with aqueous  phase  hydration 




































and suggesting the gas phase modeling approach can be used to predict  log Khydr,(g) for  all  possible 
symmetric and asymmetric carbonyl derivatives. Both the computationally derived BDEs and ΔdH°(g) / 
ΔdG°(g) exhibited good agreement with the limited experimental and theoretical datasets. No predictive 
univariate  or  multivariate  correlations  were found between the theoretical  gas phase BDEs and the 
major Hammett substituent constants or Swain-Lupton parameters, suggesting general structure-activity 
relationships across different types of functional groups may be absent for this combination of physical 
property and general compound class. High correlation coefficients were observed between gas phase 
acidities and the Hammett inductive substituent constant (σI), facilitating estimation of ΔdH°(g) / ΔdG°(g) 
for other compounds with known σI values. Good correlations were also found between ΔdH°(g) / ΔdG°(g) 
and the corresponding  F-values,  allowing this  substituent  parameter  (which is  available  for  a  large 
number  of  compounds,  and  can  also  be  used  to  estimate  σI values)  to  also  be  employed  for  the 
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Table 1. Estimated gas phase standard state (298.15 K, 1 atm) free energies of hydration (ΔhydrG°(g)) and 
corresponding  hydration  equilibrium  constants  (log  Khydr,(g))  for  various  aldehydes  with  electron 
withdrawing and electron releasing substituents at the CBS-Q//B3, G4MP2, and G4 levels of theory.
ΔhydrG°(g) (kcal/mol) log Khydr,(g)
substituent CBS-Q//B3 G4MP2 G4 CBS-Q//B3 G4MP2 G4
C(O)CH3 0.9 2.1 1.0 -0.6 -1.6 -0.7
NH2 16.6 17.2 16.5 -12.1 -12.6 -12.1
C(CH3)3 4.3 5.4 4.4 -3.2 -4.0 -3.2
C≡N 1.1 2.5 1.5 -0.8 -1.9 -1.1
N(CH3)2 20.7 21.2 20.3 -15.1 -15.5 -14.8
CH=CH2 7.1 8.0 7.1 -5.2 -5.9 -5.2
C≡CH 4.6 5.7 4.8 -3.4 -4.2 -3.5
F 6.9 7.8 6.7 -5.0 -5.8 -4.9
H 1.3 2.3 1.2 -0.9 -1.6 -0.9
OH 14.4 15.3 14.3 -10.5 -11.2 -10.5
CH3 2.8 3.8 2.7 -2.0 -2.7 -2.0
NO2 -1.8 -0.1 -1.3 1.4 0.1 0.9
C6H5 7.0 8.0 7.1 -5.1 -5.9 -5.2
CF3 -2.4 -0.9 -2.0 1.8 0.6 1.5
Si(CH3)3 1.7 2.9 1.8 -1.3 -2.2 -1.3
Br 7.7 9.5 8.2 -5.6 -6.9 -6.0
Cl 8.0 9.4 8.3 -5.9 -6.9 -6.1
SiCl3 -0.4 1.8 0.5 0.3 -1.3 -0.4




































SiH3 3.2 4.4 3.2 -2.4 -3.2 -2.4
CBr3 2.3 3.1 1.9 -1.7 -2.3 -1.4
CCl3 0.5 2.1 0.9 -0.4 -1.5 -0.7
C≡CCF3 2.4 3.6 2.6 -1.7 -2.6 -1.9
C≡CCH3 4.4 4.6 3.6 -3.2 -3.3 -2.7
C(C≡N)3 -3.2 -1.6 -2.8 2.3 1.2 2.0
C6H4-4-Br 6.5 7.7 6.8 -4.8 -5.7 -5.0
C6H4-4-Cl 6.7 7.8 6.8 -4.9 -5.7 -5.0
C6H4-4-F 7.0 8.1 7.1 -5.1 -5.9 -5.2
C6H4-4-CH3 7.7 8.8 7.9 -5.6 -6.4 -5.8
PF4 -6.8 -4.3 -5.8 5.0 3.1 4.3




































Table 2. Linear regression statistics for  CBS-Q//B3, G4MP2, and G4 estimated  gas phase log  Khydr,(g) 
against Swain-Lupton  resonance effect (R) parameters for the two groups ((a) and (b)) of substituted 
aldehydes and for the combined sets of substituents.
n r p SE CV m b
Group (a): -spα 3 carbons and  -saturated/unsaturated heteroatomsα
  CBS-Q//B3 21 0.957 <10-10 1.45 -0.50 14.8±1.0 -1.06±0.34
  G4MP2 21 0.954 <10-10 1.42 -0.37 14.0±1.0 -2.11±0.33
  G4 21 0.956 <10-10 1.42 -0.47 14.3±1.0 -1.25±0.34
Group (b): -sp/ -spα α 2 carbons
  CBS-Q//B3 10 0.977 <10-5 0.44 -0.12 14.6±1.1 -3.41±0.14
  G4MP2 10 0.975 <10-5 0.44 -0.09 13.9±1.1 -4.29±0.14
  G4 10 0.973 <10-5 0.47 -0.12 14.3±1.2 -3.56±0.15
Groups (a) and (b)
  CBS-Q//B3 31 0.918 <10-12 1.67 -0.53 13.4±1.1 -1.83±0.32
  G4MP2 31 0.913 <10-12 1.63 -0.40 12.7±1.1 -2.82±0.31




































Table 3. Linear regression statistics for  CBS-Q//B3, G4MP2, and G4 estimated  gas phase log  Khydr,(g) 
against Swain-Lupton positive charged resonance effect (R+) parameters for all substituents.
n r p SE CV m b
  CBS-Q//B3 20 0.960 <10-10 1.24 -0.29 7.55±0.52 -1.69±0.32
  G4MP2 20 0.958 <10-10 1.23 -0.24 7.20±0.51 -2.70±0.32




































Table 4. Estimated gas phase standard state (298.15 K, 1 atm) bond dissociation enthalpies (BDEs) of 
the  aldehyde  C-H  bond  for  various  aldehydes  with  electron  withdrawing  and  electron  releasing 
substituents at the CBS-Q//B3, G4MP2, and G4 levels of theory. Available experimental BDEs 56,57 are 
shown for comparison. Values are in kcal/mol.
substituent expt. CBS-Q//B3 G4MP2 G4
NH2 n/a
a 94.5 93.2 93.5
C(CH3)3 89.7 89.7 86.7 87.7
C≡N n/a 91.1 91.1 91.4
N(CH3)2 n/a 95.0 92.5 93.2
F 101.1 101.9 100.3 100.8
H 88.0±0.2 89.1 87.9 88.2
OH 96.6 100.9 99.1 99.6
CH3 89.4±0.3 89.0 87.7 88.0
C6H5 88.7±2.6 91.5 88.2 89.3
CF3 93.3 93.5 90.0 91.1
Si(CH3)3 n/a 79.5 76.7 77.6
Br n/a 86.0 84.7 85.2
Cl n/a 91.7 90.4 90.9
SiCl3 n/a 81.6 78.6 79.7
SiF3 n/a 81.9 78.7 79.8
SiH3 n/a 79.8 78.5 78.9
CBr3 n/a 99.1 90.4 91.5
CCl3 n/a 93.9 90.7 91.7




































C6H4-4-Cl n/a 91.7 87.8 89.1
C6H4-4-F n/a 91.6 87.7 89.0
C6H4-4-CH3 n/a 91.5 87.5 88.9






































Table 5. Estimated gas phase standard state (298.15 K, 1 atm) enthalpies (ΔdH°(g)) and free energies 
(ΔdG°(g))  of  aldehyde proton acid dissociation  for  various aldehydes with electron  withdrawing and 
electron  releasing  substituents  at  the  CBS-Q//B3,  G4MP2,  and  G4  levels  of  theory.  Available 
experimental values 58 are shown for comparison. Values are in kcal/mol.
ΔdH°(g) ΔdG°(g)
substituent expt. CBS-Q//B3 G4MP2 G4 expt. CBS-Q//B3 G4MP2 G4
C(O)CH3 n/aa 376.0 376.2 376.0 n/a 368.9 369.0 368.9
C(CH3)3 387.4±4.1 59 392.1 391.9 392.6 381.0±4.0 59 383.7 383.7 384.4
N(CH3)2 399.1±4.160 392.4 392.1 392.5 392.0±4.0 60 383.8 384.1 384.5
CH=CH2 n/a 392.2 391.8 392.3 n/a 384.1 383.4 383.9
F 349.7±3.3 61
352.6±4.6 62
362.1 361.6 361.2 n/a 353.8 353.5 353.1
H 394.5±0.1 63 397.2 395.2 395.2 386.6±0.3 63
394.0±4.5 64
389.3 387.6 387.6









C6H5 n/a 388.1 387.6 388.3 n/a 380.6 380.1 380.7
C6H4-4-Br n/a 382.3 382.0 382.6 n/a 374.7 374.3 374.9
C6H4-4-Cl n/a 383.0 382.8 383.4 n/a 375.4 375.1 375.7
C6H4-4-F n/a 384.9 384.5 385.0 n/a 377.4 376.9 377.4
C6H4-4-CH3 n/a




































a not available. b experimental ΔdH°(g) and ΔdG°(g) are available for formic acid, but the values are for 
the more acidic carboxylic acid moiety (ΔdH°(g)≈340 to 346 kcal/mol;69-72 ΔdG°(g)≈338 to 339 kcal/mol 69-
73). c experimental ΔdH°(g) and ΔdG°(g) are available for 4-methylbenzaldehyde, but the values are for the 




































Table 6. Estimated gas phase standard state (298.15 K, 1 atm)  enthalpies (ΔdH°(g)) and free energies 
(ΔdG°(g))  of  aldehyde proton acid dissociation  for  various aldehydes with electron  withdrawing and 
electron releasing substituents using training set correlations developed between the Hammett inductive 
substituent constants (σI) and ΔdH°(g) / ΔdG°(g) calculated at the CBS-Q//B3, G4MP2, and G4 levels of 
theory. Values are in kcal/mol. Error bars are standard errors derived from the regression analysis.
ΔdH°(g) ΔdG°(g)
substituent CBS-Q//B3 G4MP2 G4 CBS-Q//B3 G4MP2 G4
NO2 354.8±4.5 354.7±4.2 354.2±4.4 347.2±4.5 347.2±4.4 346.7±4.5
H 395.4±3.4 394.8±3.2 395.3±3.3 387.2±3.4 386.7±3.3 387.1±3.4
CH3 396.0±3.4 395.4±3.2 395.9±3.3 387.8±3.4 387.3±3.3 387.7±3.4
C2H5 396.0±3.4 395.4±3.2 395.9±3.3 387.8±3.4 387.3±3.3 387.7±3.4
CH2OH 388.7±3.3 388.2±3.1 388.5±3.2 380.6±3.3 380.2±3.2 380.5±3.3
OH 380.9±3.3 380.5±3.1 380.6±3.2 372.9±3.3 372.6±3.2 372.7±3.3
OCH3 377.2±3.4 376.9±3.2 376.9±3.3 369.3±3.4 369.0±3.3 369.0±3.4
OC6H5 371.2±3.6 370.9±3.4 370.8±3.5 363.3±3.6 363.1±3.5 363.0±3.6
CO2C2H5 377.2±3.4 376.9±3.2 376.9±3.3 369.3±3.4 369.0±3.3 369.0±3.4
Cl 366.9±3.8 366.7±3.6 366.5±3.7 359.1±3.8 359.0±3.7 358.8±3.8
Br 366.9±3.8 366.7±3.6 366.5±3.7 359.1±3.8 359.0±3.7 358.8±3.8
C≡N 360.9±4.1 360.7±3.9 360.3±4.0 353.2±4.1 353.1±4.0 352.8±4.1
CH(CH3)2 394.8±3.4 394.2±3.2 394.7±3.3 386.6±3.4 386.1±3.3 386.5±3.4
C(CH3)3 396.0±3.4 395.4±3.2 395.9±3.3 387.8±3.4 387.3±3.3 387.7±3.4
CH2OCH3 388.7±3.3 388.2±3.1 388.5±3.2 380.6±3.3 380.2±3.2 380.5±3.3
CH2OCOCH3 386.3±3.2 385.9±3.1 386.1±3.2 378.2±3.3 377.9±3.2 378.1±3.2




































CH2Cl 385.1±3.2 384.7±3.1 384.9±3.2 377.0±3.3 376.7±3.2 376.9±3.2
CH2Br 383.3±3.3 382.9±3.1 383.0±3.2 375.3±3.3 374.9±3.2 375.1±3.3
CH2I 385.1±3.2 384.7±3.1 384.9±3.2 377.0±3.3 376.7±3.2 376.9±3.2
CH(OH)2 382.1±3.3 381.7±3.1 381.8±3.2 374.1±3.3 373.7±3.2 373.9±3.3
CH=CH2 388.7±3.3 388.2±3.1 388.5±3.2 380.6±3.3 380.2±3.2 380.5±3.3
C(CH3)=CH2 389.3±3.3 388.8±3.1 389.1±3.2 381.2±3.3 380.8±3.2 381.1±3.3
C≡CH 377.8±3.3 377.5±3.2 377.5±3.3 369.9±3.4 369.6±3.3 369.6±3.3
C6H5 388.1±3.2 387.6±3.1 387.9±3.2 380.0±3.3 379.6±3.2 379.9±3.3
COCH3 377.2±3.4 376.9±3.2 376.9±3.3 369.3±3.4 369.0±3.3 369.0±3.4
CONH2 378.4±3.3 378.1±3.1 378.1±3.2 370.5±3.4 370.2±3.2 370.3±3.3
NH2 385.1±3.2 384.7±3.1 384.9±3.2 377.0±3.3 376.7±3.2 376.9±3.2
NHCH3 387.5±3.2 387.1±3.1 387.3±3.2 379.4±3.3 379.0±3.2 379.3±3.3
N(CH3)2 385.1±3.2 384.7±3.1 384.9±3.2 377.0±3.3 376.7±3.2 376.9±3.2
NHCOCH3 378.4±3.3 378.1±3.1 378.1±3.2 370.5±3.4 370.2±3.2 370.3±3.3
OCOCH3 372.4±3.5 372.1±3.3 372.0±3.4 364.5±3.6 364.3±3.4 364.2±3.5
SCH3 377.2±3.4 376.9±3.2 376.9±3.3 369.3±3.4 369.0±3.3 369.0±3.4
SO2CH3 359.6±4.2 359.5±3.9 359.1±4.1 352.0±4.2 351.9±4.1 351.6±4.2
SO2CF3 352.4±4.7 352.3±4.4 351.8±4.5 344.8±4.7 344.8±4.5 344.3±4.7
F 362.7±4.0 362.5±3.8 362.2±3.9 355.0±4.0 354.9±3.9 354.6±4.0





































Figure 1. General scheme for the gas phase hydration of substituted aldehydes.
Figure 2. Correlations between the Swain-Lupton resonance effect parameter (R) and estimated gas 
phase  standard  state  (298.15  K,  1  atm)  equilibrium  hydration  constants  (log  Khydr,(g))  for  various 
substituted aldehydes at the (a) CBS-Q//B3, (b) G4MP2, and (c) G4 levels of theory. Open (group (a); 
n=21)  symbols  are  for  sp3-hybridized  α-carbon  substituents  and  saturated/unsaturated  α-heteroatom 
moieties. Closed (group (b); n=10) symbols refer to sp and sp2-hybridized α-carbon substituents. Best fit 
linear regressions for each group are shown as dash-dot-dot (group (a)) and dashed (group (b)) lines. A 
best fit regression for all datapoints (n=31) is shown as a solid line. Identities of the substituents are 
given in Table 1 and summaries of the statistical analyses are provided in Table 2.
Figure 3. Correlations between the Swain-Lupton positively charged reaction center resonance effect 
parameter (R+) and estimated gas phase standard state (298.15 K, 1 atm) equilibrium hydration constants 
(log Khydr,(g)) for various substituted aldehydes (n=20) at the (a) CBS-Q//B3, (b) G4MP2, and (c) G4 
levels  of  theory.  Open  (group  (a))  symbols  are  for  sp3-hybridized  α-carbon  substituents  and 
saturated/unsaturated α-heteroatom moieties. Closed (group (b) symbols refer to sp and sp2-hybridized 
α-carbon substituents. A best fit regression for all datapoints is shown as a solid line. Summaries of the 
statistical analyses are provided in Table 3. Aldehyde substituents in the analysis include the following: 
NH2; C(CH3)3; C≡N; N(CH3)2; CH=CH2; C≡CH; F; H; OH; CH3; NO2; C6H5; CF3; Si(CH3)3; Br; Cl; 




































Figure 4. Correlation between the sum of Swain-Lupton resonance effect parameters (a) R and (b) R+ 
on carbonyl substituents with experimental aqueous phase equilibrium hydration constants (log Khydr,(aq)) 
for  various  aldehydes,  ketones,  esters,  thioesters,  and  amides.  Experimental  data  taken  from  the 
compilation in ref.  [26]. Best fit linear regressions for each plot that include all datapoints are shown as 
solid lines with the following statistical descriptors: (a) n=35, r=0.975, p<10-22,  SE=1.22, CV=-0.29, 





















































































































































































Gas phase hydration, bond dissociation enthalpies, and acidity of aldehydes:
A CBS-Q//B3, G4MP2, and G4 theoretical study of substituent effects
Sierra Raynea,* and Kaya Forestb
a Ecologica Research, 301-1965 Pandosy Street, Penticton, British Columbia, Canada 
V1Y 1R9
b Department of Chemistry, Okanagan College, 583 Duncan Avenue West, Penticton, 
British Columbia, Canada V2A 8E1





































Figure S1. Gas phase standard state (298.15 K, 1 atm) lowest energy conformations 





















































































































Figure S2. Correlations between the Swain-Lupton resonance effect parameter (R) and 
estimated gas phase standard state (298.15 K, 1 atm) equilibrium hydration 
constants (log Khydr,(g)) for various substituted aldehydes (n=20) at the (a) CBS-
Q//B3, (b) G4MP2, and (c) G4 levels of theory. Open (group (a)) symbols are for 
sp3-hybridized α-carbon substituents and saturated/unsaturated α-heteroatom 
moieties. Closed (group (b)) symbols refer to sp and sp2-hybridized α-carbon 
substituents. A best fit regression for all datapoints is shown as a solid line 
with regression-derived statistical descriptors (including standard errors for 
slope and y-intercept) shown in each plot. Aldehyde substituents in the analysis 
include the following: NH2; C(CH3)3; C≡N; N(CH3)2; CH=CH2; C≡CH; F; H; OH; CH3; NO2; 




































Figure S3. Comparison between estimated gas phase standard state (298.15 K, 1 atm) 
equilibrium hydration constants (log Khydr,(g)) for various substituted aldehydes 
(n=108) obtained via correlation analyses using the Swain-Lupton resonance effect 
parameters (R) and positively charged reaction center resonance effect parameters 
(R+) at the (a) CBS-Q//B3, (b) G4MP2, and (c) G4 levels of theory. A best fit 
regression is shown as a solid line with regression-derived statistical descriptors 





































Table S1. Estimated gas phase standard state (298.15 K, 1 atm) hydration equilibrium constants (log Khydr,(g)) for 
various aldehydes (n=487) with electron withdrawing and electron releasing substituents using training set 
correlations developed between Swain-Lupton resonance effect (R) parameters and log Khydr,(g) calculated at the CBS-
Q//B3, G4MP2, and G4 levels of theory. Estimated log Khydr,(g) presented in the table below are calculated from 
Swain-Lupton resonance effect (R) parameters given in ref. (1). Group (a) comprises sp3-hybridized α-carbon and 
saturated/unsaturated α-heteroatom substituents. Group (b) comprises sp and sp2-hybridized α-carbon substituents.
group (a) group (b) all data
substituent CBS-Q//B3 G4MP2 G4 CBS-Q//B3 G4MP2 G4 CBS-Q//B3 G4MP2 G4
BF2 2.2 1.0 1.9 n/a n/a n/a 1.2 0.1 0.9
Br -4.3 -5.2 -4.4 n/a n/a n/a -5.0 -5.8 -5.0
GeBr3 0.7 -0.4 0.5 n/a n/a n/a -0.2 -1.3 -0.4
SiBr3 0.9 -0.3 0.6 n/a n/a n/a -0.1 -1.1 -0.3
Cl -3.9 -4.8 -4.0 n/a n/a n/a -4.6 -5.4 -4.6
HgCl -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
SO2Cl -1.8 -2.8 -2.0 n/a n/a n/a -2.6 -3.5 -2.7
SCl -0.2 -1.3 -0.4 n/a n/a n/a -1.0 -2.1 -1.2
ICl2 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
P(O)Cl2 1.9 0.7 1.6 n/a n/a n/a 0.9 -0.2 0.7
PCl2 0.6 -0.6 0.3 n/a n/a n/a -0.3 -1.4 -0.6
P(S)Cl2 1.5 0.3 1.2 n/a n/a n/a 0.5 -0.6 0.2
GeCl3 1.0 -0.1 0.7 n/a n/a n/a 0.1 -1.0 -0.2
SiCl3 0.7 -0.4 0.5 n/a n/a n/a -0.2 -1.3 -0.4
F -6.8 -7.6 -6.8 n/a n/a n/a -7.4 -8.1 -7.4
HgF -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
SOF 1.3 0.1 1.0 n/a n/a n/a 0.4 -0.7 0.1
SO2F 1.8 0.6 1.5 n/a n/a n/a 0.8 -0.3 0.5
IF2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
POF2 1.2 0.0 0.9 n/a n/a n/a 0.2 -0.9 0.0
PF2 1.2 0.0 0.9 n/a n/a n/a 0.2 -0.9 0.0
GeF3 2.0 0.8 1.7 n/a n/a n/a 1.1 -0.1 0.8
SF3 1.5 0.3 1.2 n/a n/a n/a 0.5 -0.6 0.2
SiF3 2.2 1.0 1.9 n/a n/a n/a 1.2 0.1 0.9
IF4 1.5 0.3 1.2 n/a n/a n/a 0.5 -0.6 0.2
PF4 2.8 1.5 2.5 n/a n/a n/a 1.8 0.6 1.5
SF5 0.7 -0.4 0.5 n/a n/a n/a -0.2 -1.3 -0.4
I -4.6 -5.5 -4.7 n/a n/a n/a -5.3 -6.1 -5.3
IO 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
IO2 1.5 0.3 1.2 n/a n/a n/a 0.5 -0.6 0.2
NO 5.2 3.8 4.8 n/a n/a n/a 4.0 2.7 3.6




































ONO2 2.2 1.0 1.9 n/a n/a n/a 1.2 0.1 0.9
N3 -7.0 -7.7 -7.0 n/a n/a n/a -7.5 -8.2 -7.5
H -1.1 -2.1 -1.3 n/a n/a n/a -1.9 -2.9 -2.1
NHNO2 -7.3 -8.0 -7.3 n/a n/a n/a -7.8 -8.5 -7.8
OH -11.4 -11.9 -11.3 n/a n/a n/a -11.7 -12.2 -11.6
S(O)OH -2.2 -3.2 -2.4 n/a n/a n/a -3.0 -3.9 -3.1
SH -3.3 -4.2 -3.4 n/a n/a n/a -4.0 -4.9 -4.1
B(OH)2 1.2 0.0 0.9 n/a n/a n/a 0.2 -0.9 0.0
NH2 -12.0 -12.5 -11.8 n/a n/a n/a -12.3 -12.7 -12.1
NHOH -7.7 -8.4 -7.7 n/a n/a n/a -8.2 -8.9 -8.2
SO2NH2 0.6 -0.6 0.3 n/a n/a n/a -0.3 -1.4 -0.6
PO(OH)2 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
PH2 -1.7 -2.7 -1.8 n/a n/a n/a -2.4 -3.4 -2.6
GeH3 -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
NHNH2 -12.5 -12.9 -12.3 n/a n/a n/a -12.7 -13.1 -12.5
SiH3 -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
CBr3 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CClF2 -0.2 -1.3 -0.4 n/a n/a n/a -1.0 -2.1 -1.2
5-chloro-1-tetrazolyl -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
C(O)Cl n/a n/a n/a -1.2 -2.2 -1.4 0.2 -0.9 0.0
N=CCl2 -3.0 -3.9 -3.1 n/a n/a n/a -3.7 -4.6 -3.8
CCl3 0.3 -0.8 0.0 n/a n/a n/a -0.6 -1.7 -0.8
OCCl3 -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
C(O)F n/a n/a n/a -0.2 -1.2 -0.4 1.2 0.1 0.9
OCF2O -1.1 -2.1 -1.3 n/a n/a n/a -1.9 -2.9 -2.1
CF3 1.3 0.1 1.0 n/a n/a n/a 0.4 -0.7 0.1
HgCF3 -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
HgSCF3 -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
I=NSO2CF3 1.2 0.0 0.9 n/a n/a n/a 0.2 -0.9 0.0
N=NCF3 1.6 0.4 1.3 n/a n/a n/a 0.6 -0.5 0.4
OCF3 -1.7 -2.7 -1.8 n/a n/a n/a -2.4 -3.4 -2.6
SOCF3 0.6 -0.6 0.3 n/a n/a n/a -0.3 -1.4 -0.6
SeOCF3 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
SO2CF3 2.2 1.0 1.9 n/a n/a n/a 1.2 0.1 0.9
SeO2CF3 2.5 1.3 2.2 n/a n/a n/a 1.5 0.3 1.2
OSO2CF3 -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
SCF3 1.0 -0.1 0.7 n/a n/a n/a 0.1 -1.0 -0.2
SeCF3 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
HgCN 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
CN n/a n/a n/a -1.2 -2.2 -1.4 0.2 -0.9 0.0




































CN(BBr3) -3.4 -4.3 -3.5 n/a n/a n/a -4.1 -5.0 -4.2
CN(BCl3) -1.8 -2.8 -2.0 n/a n/a n/a -2.6 -3.5 -2.7
CN(BF3) -1.8 -2.8 -2.0 n/a n/a n/a -2.6 -3.5 -2.7
N=C=O -2.8 -3.8 -3.0 n/a n/a n/a -3.6 -4.5 -3.7
OCN -3.3 -4.2 -3.4 n/a n/a n/a -4.0 -4.9 -4.1
SO2CN 3.2 2.0 2.9 n/a n/a n/a 2.2 1.0 1.9
N=C=S -3.0 -3.9 -3.1 n/a n/a n/a -3.7 -4.6 -3.8
SCN -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
SeCN 0.3 -0.8 0.0 n/a n/a n/a -0.6 -1.7 -0.8
N=N-C≡N 5.9 4.5 5.5 n/a n/a n/a 4.7 3.4 4.3
N(O)=NCN 1.8 0.6 1.5 n/a n/a n/a 0.8 -0.3 0.5
C(NO2)3 1.5 0.3 1.2 n/a n/a n/a 0.5 -0.6 0.2
5-azido-1-tetrazolyl -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CHBr2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CHCl2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
OCHCl2 -3.6 -4.5 -3.7 n/a n/a n/a -4.3 -5.1 -4.4
CHF2 -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
OCHF2 -3.9 -4.8 -4.0 n/a n/a n/a -4.6 -5.4 -4.6
SOCHF2 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
SO2CHF2 1.8 0.6 1.5 n/a n/a n/a 0.8 -0.3 0.5
SCHF2 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
S(O)(=NH)CF3 1.9 0.7 1.6 n/a n/a n/a 0.9 -0.2 0.7
NHSO2CF3 -1.9 -2.9 -2.1 n/a n/a n/a -2.7 -3.7 -2.9
CHI2 -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
NHCN -4.3 -5.2 -4.4 n/a n/a n/a -5.0 -5.8 -5.0
1-(1H)-tetrazolyl -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
5-(1H)-tetrazolyl -2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
5-hydroxy-1-tetrazolyl -2.2 -3.2 -2.4 n/a n/a n/a -3.0 -3.9 -3.1






-3.4 -4.3 -3.5 n/a n/a n/a -4.1 -5.0 -4.2
C(O)H n/a n/a n/a -2.1 -3.0 -2.3 -0.6 -1.7 -0.8
C(O)OH n/a n/a n/a -1.8 -2.8 -2.0 -0.3 -1.4 -0.6
CH2Br -1.1 -2.1 -1.3 n/a n/a n/a -1.9 -2.9 -2.1
CH2Cl -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
OCH2Cl -4.8 -5.6 -4.8 n/a n/a n/a -5.4 -6.2 -5.5
CH2F -1.7 -2.7 -1.8 n/a n/a n/a -2.4 -3.4 -2.6
OCH2F -5.1 -5.9 -5.1 n/a n/a n/a -5.7 -6.5 -5.7




































CH2I -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
NHCHO -5.2 -6.0 -5.3 n/a n/a n/a -5.8 -6.6 -5.9
C(O)NH2 n/a n/a n/a -2.0 -2.9 -2.1 -0.5 -1.5 -0.7
C(S)NH2 n/a n/a n/a -2.5 -3.5 -2.7 -1.0 -2.1 -1.2
CH=NOH-t n/a n/a n/a -6.0 -6.8 -6.1 -4.4 -5.3 -4.5
N(O)=NCONH2 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
Me -3.7 -4.6 -3.8 n/a n/a n/a -4.4 -5.3 -4.5
CH2SO2R -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
SiMeCl2 0.4 -0.7 0.2 n/a n/a n/a -0.5 -1.5 -0.7
SiMeF2 -2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
HgMe -7.7 -8.4 -7.7 n/a n/a n/a -8.2 -8.9 -8.2
NHCH2SO3 -11.3 -11.8 -11.1 n/a n/a n/a -11.6 -12.1 -11.4
NHCONH2 -5.9 -6.7 -6.0 n/a n/a n/a -6.5 -7.3 -6.5
N(Me)NO2 1.6 0.4 1.3 n/a n/a n/a 0.6 -0.5 0.4
NHCSNH2 -2.5 -3.5 -2.7 n/a n/a n/a -3.3 -4.2 -3.4
OMe -9.3 -9.9 -9.3 n/a n/a n/a -9.8 -10.3 -9.7
CH2OH -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
SOMe -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
S(OMe) -2.1 -3.1 -2.3 n/a n/a n/a -2.9 -3.8 -3.0
OS(=O)CH3 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
S(O)OMe 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
SO2Me 1.8 0.6 1.5 n/a n/a n/a 0.8 -0.3 0.5
SSO2Me 1.3 0.1 1.0 n/a n/a n/a 0.4 -0.7 0.1
OSO2Me -1.7 -2.7 -1.8 n/a n/a n/a -2.4 -3.4 -2.6
SMe -4.5 -5.3 -4.5 n/a n/a n/a -5.1 -5.9 -5.2
SSMe -3.1 -4.1 -3.3 n/a n/a n/a -3.9 -4.7 -4.0
SeMe -3.4 -4.3 -3.5 n/a n/a n/a -4.1 -5.0 -4.2
NHMe -11.9 -12.3 -11.7 n/a n/a n/a -12.1 -12.6 -12.0
CH2NH2 -3.3 -4.2 -3.4 n/a n/a n/a -4.0 -4.9 -4.1
NHSO2Me -4.8 -5.6 -4.8 n/a n/a n/a -5.4 -6.2 -5.5
N(COF)2 -1.1 -2.1 -1.3 n/a n/a n/a -1.9 -2.9 -2.1
HgOCOCF3 -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
C(O)CF3 n/a n/a n/a 0.4 -0.7 0.2 1.8 0.6 1.5
SCOCF3 -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
OCOCF3 -2.8 -3.8 -3.0 n/a n/a n/a -3.6 -4.5 -3.7
N(CF3)C=O(F) -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CF2CF3 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
OCF2CF3 -5.1 -5.9 -5.1 n/a n/a n/a -5.7 -6.5 -5.7
SO2CF2CF3 2.9 1.7 2.6 n/a n/a n/a 1.9 0.7 1.6
SCF2CF3 -0.2 -1.3 -0.4 n/a n/a n/a -1.0 -2.1 -1.2




































S(CF3)=NSO2CF3 2.0 0.8 1.7 n/a n/a n/a 1.1 -0.1 0.8
SO(CF3)=NSO2CF3 3.5 2.2 3.2 n/a n/a n/a 2.5 1.3 2.1
N(SO2CF3)2 3.8 2.5 3.5 n/a n/a n/a 2.7 1.5 2.4
P(CF3)2 1.0 -0.1 0.7 n/a n/a n/a 0.1 -1.0 -0.2
P(CN)2 1.2 0.0 0.9 n/a n/a n/a 0.2 -0.9 0.0
C≡CH n/a n/a n/a -3.3 -4.2 -3.4 -1.7 -2.7 -1.9
OCF2CHFCl -2.5 -3.5 -2.7 n/a n/a n/a -3.3 -4.2 -3.4
NHCOCF3 -4.9 -5.7 -5.0 n/a n/a n/a -5.5 -6.3 -5.6
CH=NSO2CF3 n/a n/a n/a 2.0 0.8 1.7 3.3 2.0 3.0
OCF2CHF2 -3.0 -3.9 -3.1 n/a n/a n/a -3.7 -4.6 -3.8





-0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
SC≡CH -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
SCH=CHCl -2.5 -3.5 -2.7 n/a n/a n/a -3.3 -4.2 -3.4
SeCH=CHCl -1.7 -2.7 -1.8 n/a n/a n/a -2.4 -3.4 -2.6
CH2CF3 -1.9 -2.9 -2.1 n/a n/a n/a -2.7 -3.7 -2.9
CH2SOCF3 -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
CH2SO2CF3 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
CH2SCF3 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
CH2CN -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CH=CHNO2-t n/a n/a n/a -4.7 -5.5 -4.8 -3.2 -4.1 -3.3
CH2SCN -1.1 -2.1 -1.3 n/a n/a n/a -1.9 -2.9 -2.1
CH=CH2 n/a n/a n/a -5.9 -6.6 -6.0 -4.3 -5.1 -4.4
NHCOCH2Cl -5.5 -6.3 -5.5 n/a n/a n/a -6.1 -6.9 -6.1
N(Me)SO2CF3 -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
HgOCOCH3 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
C(Me)(NO2)2 0.6 -0.6 0.3 n/a n/a n/a -0.3 -1.4 -0.6
oxiranyl -1.9 -2.9 -2.1 n/a n/a n/a -2.7 -3.7 -2.9
OCH=CH2 -7.4 -8.1 -7.4 n/a n/a n/a -7.9 -8.6 -7.9
C(O)Me n/a n/a n/a -0.9 -1.9 -1.1 0.5 -0.6 0.2
SCOMe 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
OCOMe -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
C(O)OMe n/a n/a n/a -1.8 -2.8 -2.0 -0.3 -1.4 -0.6
2-thiacyclopropyl -2.1 -3.1 -2.3 n/a n/a n/a -2.9 -3.8 -3.0
SCH=CH2 -2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
SeCH=CH2 -2.2 -3.2 -2.4 n/a n/a n/a -3.0 -3.9 -3.1
1-aziridinyl -4.8 -5.6 -4.8 n/a n/a n/a -5.4 -6.2 -5.5




































N-methyl-3-oxaziridinyl -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
NHCOOMe -4.6 -5.5 -4.7 n/a n/a n/a -5.3 -6.1 -5.3
NHCOMe -5.6 -6.4 -5.7 n/a n/a n/a -6.2 -7.0 -6.3
CONHMe -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
CH=NOMe n/a n/a n/a -2.0 -2.9 -2.1 -0.5 -1.5 -0.7
CH2CONH2 -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
NHCSMe -3.7 -4.6 -3.8 n/a n/a n/a -4.4 -5.3 -4.5
CSNHMe -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
CH=NNHCSNH2 n/a n/a n/a -4.3 -5.1 -4.4 -2.7 -3.7 -2.9
Et -3.3 -4.2 -3.4 n/a n/a n/a -4.0 -4.9 -4.1
CH=NNHCONHNH2 n/a n/a n/a -4.9 -5.7 -5.0 -3.3 -4.2 -3.4
OCH2CH3 -8.5 -9.1 -8.4 n/a n/a n/a -8.9 -9.5 -8.8
CH(OH)Me -4.5 -5.3 -4.5 n/a n/a n/a -5.1 -5.9 -5.2
CH2OMe -2.8 -3.8 -3.0 n/a n/a n/a -3.6 -4.5 -3.7
SO2Et 1.6 0.4 1.3 n/a n/a n/a 0.6 -0.5 0.4
SEt -4.5 -5.3 -4.5 n/a n/a n/a -5.1 -5.9 -5.2
P(Cl)NMe2 2.6 1.4 2.3 n/a n/a n/a 1.6 0.5 1.3
SiClMe2 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
SiFMe2 -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
NHEt -9.5 -10.1 -9.4 n/a n/a n/a -9.9 -10.5 -9.8
N(Me)2 -15.6 -15.8 -15.3 n/a n/a n/a -15.7 -15.9 -15.4
N(Me)SO2Me -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
SO2NMe2 2.0 0.8 1.7 n/a n/a n/a 1.1 -0.1 0.8
N(SO2Me)2 -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
SN(Me)2 -1.9 -2.9 -2.1 n/a n/a n/a -2.7 -3.7 -2.9
N=NNMe2 -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
P(O)Me2 0.4 -0.7 0.2 n/a n/a n/a -0.5 -1.5 -0.7
PO(OMe)2 1.3 0.1 1.0 n/a n/a n/a 0.4 -0.7 0.1
PMe2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
SiH(Me)2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
1-(1,7(BH)10-C2H) 0.4 -0.7 0.2 n/a n/a n/a -0.5 -1.5 -0.7
2-(1,7(BH)10-C2H) -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
4-(1,7(BH)10-C2H) -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
1-(1,2(BH)10-C2H) -2.1 -3.1 -2.3 n/a n/a n/a -2.9 -3.8 -3.0
3-(1,2(BH)10-C2H) -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
C≡CCF3 n/a n/a n/a -1.4 -2.3 -1.6 0.1 -1.0 -0.2
CF=CFCF3-t n/a n/a n/a -2.0 -2.9 -2.1 -0.5 -1.5 -0.7
N=C(CF3)2 -2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
CF2CF2CF3 -0.2 -1.3 -0.4 n/a n/a n/a -1.0 -2.1 -1.2
CF(CF3)2 2.2 1.0 1.9 n/a n/a n/a 1.2 0.1 0.9




































SO2CF(CF3)2 3.4 2.1 3.0 n/a n/a n/a 2.3 1.1 2.0
SCF2CF2CF3 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
SCF(CF3)2 -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
TeCF2CF2CF3 -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
C(OH)(CF3)2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CH(SCF3)2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CH(CN)2 -1.1 -2.1 -1.3 n/a n/a n/a -1.9 -2.9 -2.1
CH=CHCF3-c n/a n/a n/a -3.3 -4.2 -3.4 -1.7 -2.7 -1.9
CH=CHCF3-t n/a n/a n/a -3.0 -3.9 -3.1 -1.5 -2.5 -1.7
CH=CHSO2CF3 n/a n/a n/a 1.4 0.3 1.2 2.7 1.5 2.4
CH=CHCN n/a n/a n/a -5.0 -5.8 -5.1 -3.4 -4.3 -3.6
C≡CMe n/a n/a n/a -7.2 -7.9 -7.3 -5.5 -6.3 -5.6
N(Me)COCF3 -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
CH=CHCHO n/a n/a n/a -5.8 -6.5 -5.8 -4.1 -5.0 -4.2
cyclopropyl -4.5 -5.3 -4.5 n/a n/a n/a -5.1 -5.9 -5.2
C(Me)=CH2 n/a n/a n/a -4.6 -5.4 -4.7 -3.0 -3.9 -3.1
CH=CHMe-t n/a n/a n/a -6.0 -6.8 -6.1 -4.4 -5.3 -4.5
CH2CH=CH2 -2.2 -3.2 -2.4 n/a n/a n/a -3.0 -3.9 -3.1
C(Et)(NO2)2 0.9 -0.3 0.6 n/a n/a n/a -0.1 -1.1 -0.3
OCH2CH=CH2 -8.5 -9.1 -8.4 n/a n/a n/a -8.9 -9.5 -8.8
C(O)Et n/a n/a n/a -1.4 -2.3 -1.6 0.1 -1.0 -0.2
C(O)OEt n/a n/a n/a -1.8 -2.8 -2.0 -0.3 -1.4 -0.6
CH2OCOMe -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
CH2CH2COOH -2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
SCH2CH=CH2 -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
SeCH2CH=CH2 -3.1 -4.1 -3.3 n/a n/a n/a -3.9 -4.7 -4.0
N(Me)COMe -2.2 -3.2 -2.4 n/a n/a n/a -3.0 -3.9 -3.1
CH2NHCOMe -3.6 -4.5 -3.7 n/a n/a n/a -4.3 -5.1 -4.4
NHCOOEt -6.7 -7.4 -6.7 n/a n/a n/a -7.2 -7.9 -7.2
C(NO2)Me2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
isopropyl -3.9 -4.8 -4.0 n/a n/a n/a -4.6 -5.4 -4.6
CH2CH2CH3 -3.1 -4.1 -3.3 n/a n/a n/a -3.9 -4.7 -4.0
NHCONHEt -7.7 -8.4 -7.7 n/a n/a n/a -8.2 -8.9 -8.2
NHCSNHEt -5.9 -6.7 -6.0 n/a n/a n/a -6.5 -7.3 -6.5
OCHMe2 -12.8 -13.2 -12.5 n/a n/a n/a -13.0 -13.4 -12.8
OCH2CH2CH3 -8.6 -9.2 -8.5 n/a n/a n/a -9.1 -9.7 -9.0
CH2CH(OH)Me -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
C(OOH)Me2 -5.6 -6.4 -5.7 n/a n/a n/a -6.2 -7.0 -6.3
SCHMe2 -4.5 -5.3 -4.5 n/a n/a n/a -5.1 -5.9 -5.2
CH2NMe2 -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3




































Si(Me)2OMe -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
OSiMe3 -9.6 -10.2 -9.5 n/a n/a n/a -10.0 -10.6 -9.9
SiMe(OMe)2 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
Si(OMe)3 -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
SiMe3 -2.2 -3.2 -2.4 n/a n/a n/a -3.0 -3.9 -3.1
SnMe3 -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
1-(1,2)-(BH)10-C2Me) 2.2 1.0 1.9 n/a n/a n/a 1.2 0.1 0.9
CH2-1-(1,7-(BH)10-C2H) -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
CH2-1-(1,2-(BH)10-C2H) -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
1-(1,2-(BH)10-C3H3HgCH3) -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
2-(hydroxymethyl)carboran-1-yl 1.2 0.0 0.9 n/a n/a n/a 0.2 -0.9 0.0
I(OCOCF3)2 1.3 0.1 1.0 n/a n/a n/a 0.4 -0.7 0.1
cyclo-C4F7 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
C(O)CF2CF2CF3 n/a n/a n/a 0.1 -1.0 -0.1 1.5 0.3 1.2
C(CF3)3 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
(CF2)3CF3 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
SO2C(CF3)3 3.2 2.0 2.9 n/a n/a n/a 2.2 1.0 1.9
SC(CF3)3 0.6 -0.6 0.3 n/a n/a n/a -0.3 -1.4 -0.6
C(SCF3)3 -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
SeC(CF3)3 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
C(CN)3 -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
cyclo-1-(OH)C4F6 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
CH=C(CN)2 n/a n/a n/a 0.5 -0.5 0.3 1.9 0.7 1.6




-2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
3-chloro-1-pyrroline-2,5-dione -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
3-pyridazinyl n/a n/a n/a 0.5 -0.5 0.3 1.9 0.7 1.6
C(Me)(CN)2 -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
4-pyrimidinyl n/a n/a n/a 3.2 1.9 2.9 4.4 3.1 4.0
2-pyrimidinyl n/a n/a n/a 2.4 1.3 2.2 3.7 2.4 3.4
5-pyrimidinyl n/a n/a n/a -1.4 -2.3 -1.6 0.1 -1.0 -0.2
2-furyl n/a n/a n/a -4.6 -5.4 -4.7 -3.0 -3.9 -3.1
2-thienyl n/a n/a n/a -4.6 -5.4 -4.7 -3.0 -3.9 -3.1
3-thienyl n/a n/a n/a -4.9 -5.7 -5.0 -3.3 -4.2 -3.4
2-selenienyl n/a n/a n/a -4.3 -5.1 -4.4 -2.7 -3.7 -2.9
2-tellurienyl n/a n/a n/a -4.4 -5.3 -4.6 -2.9 -3.8 -3.0
1-pyrryl n/a n/a n/a -5.3 -6.1 -5.4 -3.7 -4.6 -3.8




































CH=CHCOMe n/a n/a n/a -8.1 -8.7 -8.1 -6.4 -7.1 -6.4
I(OCOMe)2 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
N(COMe)2 -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
cyclobutyl -3.4 -4.3 -3.5 n/a n/a n/a -4.1 -5.0 -4.2
C(O)CHMe2 n/a n/a n/a -1.7 -2.6 -1.8 -0.2 -1.3 -0.4
NHCOCH(Me)2 -5.6 -6.4 -5.7 n/a n/a n/a -6.2 -7.0 -6.3
C(Me)3 -3.7 -4.6 -3.8 n/a n/a n/a -4.4 -5.3 -4.5
CH(Me)Et -2.5 -3.5 -2.7 n/a n/a n/a -3.3 -4.2 -3.4
CH2CH(Me)2 -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
(CH2)3CH3 -3.3 -4.2 -3.4 n/a n/a n/a -4.0 -4.9 -4.1
O(CH2)3CH3 -10.1 -10.6 -10.0 n/a n/a n/a -10.5 -11.0 -10.3
CH2C(OH)Me2 -1.9 -2.9 -2.1 n/a n/a n/a -2.7 -3.7 -2.9
C(OMe)3 -1.8 -2.8 -2.0 n/a n/a n/a -2.6 -3.5 -2.7
AsEt2 -5.8 -6.6 -5.8 n/a n/a n/a -6.4 -7.1 -6.4
As(O)Et2 -3.4 -4.3 -3.5 n/a n/a n/a -4.1 -5.0 -4.2
As(S)Et2 -2.5 -3.5 -2.7 n/a n/a n/a -3.3 -4.2 -3.4
NH(CH2)3CH3 -5.5 -6.3 -5.5 n/a n/a n/a -6.1 -6.9 -6.1
N(Et)2 -11.9 -12.3 -11.7 n/a n/a n/a -12.1 -12.6 -12.0
PO(Et)2 1.0 -0.1 0.7 n/a n/a n/a 0.1 -1.0 -0.2
N=NPO(OEt)2 10.6 9.0 10.0 n/a n/a n/a 9.2 7.6 8.7
PO(OEt)2 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
P(Et)2 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
P(S)Et2 0.4 -0.7 0.2 n/a n/a n/a -0.5 -1.5 -0.7
CH2OSi(CH3)3 -1.8 -2.8 -2.0 n/a n/a n/a -2.6 -3.5 -2.7
CH2Si(Me)3 -2.8 -3.8 -3.0 n/a n/a n/a -3.6 -4.5 -3.7
PO(N(Me)2)2 0.9 -0.3 0.6 n/a n/a n/a -0.1 -1.1 -0.3
P(N(Me)2)2 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
2(methylcarbonyl)carboran-1-yl 3.7 2.4 3.3 n/a n/a n/a 2.6 1.4 2.3
2-[(carbonyloxy)methyl]carboran-1-yl 0.1 -1.0 -0.1 n/a n/a n/a -0.8 -1.8 -1.0
CH2-1-(1,2-(BH)10-C2Me) -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
C(CN)=C(CN)2 n/a n/a n/a 1.4 0.3 1.2 2.7 1.5 2.4
2-(5-cyanofuryl) n/a n/a n/a -6.6 -7.3 -6.7 -5.0 -5.8 -5.0
2-(5-formylfuryl) n/a n/a n/a -9.1 -9.7 -9.1 -7.4 -8.1 -7.4
2-pyridyl n/a n/a n/a -6.8 -7.5 -6.8 -5.1 -5.9 -5.2
3-pyridyl n/a n/a n/a -3.3 -4.2 -3.4 -1.7 -2.7 -1.9
4-pyridyl n/a n/a n/a -0.1 -1.1 -0.3 1.3 0.2 1.1
2-(4,6-dimethyl-s-triazinyl) n/a n/a n/a -0.8 -1.8 -1.0 0.6 -0.5 0.4
1-cyclopentenyl n/a n/a n/a -3.7 -4.6 -3.8 -2.2 -3.1 -2.3
CH=CHCOOEt n/a n/a n/a -6.9 -7.6 -7.0 -5.3 -6.1 -5.3
cyclopentyl -3.4 -4.3 -3.5 n/a n/a n/a -4.1 -5.0 -4.2




































NHCO2(CH2)3CH3 -3.7 -4.6 -3.8 n/a n/a n/a -4.4 -5.3 -4.5
C(Et)(Me)2 -4.2 -5.0 -4.3 n/a n/a n/a -4.8 -5.7 -4.9
CH2C(Me)3 -3.1 -4.1 -3.3 n/a n/a n/a -3.9 -4.7 -4.0
(CH2)4CH3 -3.1 -4.1 -3.3 n/a n/a n/a -3.9 -4.7 -4.0
O(CH2)4CH3 -10.4 -10.9 -10.3 n/a n/a n/a -10.7 -11.3 -10.6
CH2PO(OEt)2 -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
CH2CH2Si(Me)3 -1.9 -2.9 -2.1 n/a n/a n/a -2.7 -3.7 -2.9
Si(Me)2OSi(Me)3 -1.8 -2.8 -2.0 n/a n/a n/a -2.6 -3.5 -2.7
C6Cl5 n/a n/a n/a -3.8 -4.7 -4.0 -2.3 -3.3 -2.5
C6F5 n/a n/a n/a -3.4 -4.3 -3.6 -1.9 -2.9 -2.1
P(O)(C3F7)2 2.8 1.5 2.5 n/a n/a n/a 1.8 0.6 1.5
OP(O)(C3F7)2 -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
NHP(O)(C3F7)2 -3.3 -4.2 -3.4 n/a n/a n/a -4.0 -4.9 -4.1
CH2Mn(CO)5 -7.9 -8.5 -7.8 n/a n/a n/a -8.3 -9.0 -8.3
C6H2-2,4,6-(NO2)3 n/a n/a n/a -2.8 -3.7 -3.0 -1.3 -2.3 -1.5
C6H4-3-Br n/a n/a n/a -4.0 -4.8 -4.1 -2.4 -3.4 -2.6
C6H4-4-Br n/a n/a n/a -4.3 -5.1 -4.4 -2.7 -3.7 -2.9
C6H4-3-Cl n/a n/a n/a -4.7 -5.5 -4.8 -3.2 -4.1 -3.3
C6H4-4-Cl n/a n/a n/a -4.3 -5.1 -4.4 -2.7 -3.7 -2.9
C6H4-3-F n/a n/a n/a -4.7 -5.5 -4.8 -3.2 -4.1 -3.3
C6H4-4-F n/a n/a n/a -5.0 -5.8 -5.1 -3.4 -4.3 -3.6
OC6H4-4-F n/a n/a n/a -4.4 -5.3 -4.6 -2.9 -3.8 -3.0
C6H4-3-I n/a n/a n/a -5.2 -6.0 -5.3 -3.6 -4.5 -3.7
C6H4-4-I n/a n/a n/a -4.6 -5.4 -4.7 -3.0 -3.9 -3.1
C6H4-3-NO2 n/a n/a n/a -3.9 -4.7 -4.0 -2.3 -3.3 -2.5
C6H4-4-NO2 n/a n/a n/a -3.4 -4.3 -3.6 -1.9 -2.9 -2.1
SC6H4-4-NO2 -2.8 -3.8 -3.0 n/a n/a n/a -3.6 -4.5 -3.7
SOC6H4-4-NO2 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
2-benzotriazolyl n/a n/a n/a -2.8 -3.7 -3.0 -1.3 -2.3 -1.5
C6H5 n/a n/a n/a -5.3 -6.1 -5.4 -3.7 -4.6 -3.8
N(O)=NSO2C6H5 1.5 0.3 1.2 n/a n/a n/a 0.5 -0.6 0.2
N=NC6H5 0.3 -0.8 0.0 n/a n/a n/a -0.6 -1.7 -0.8
OC6H5 -7.0 -7.7 -7.0 n/a n/a n/a -7.5 -8.2 -7.5
SOC6H5 -2.1 -3.1 -2.3 n/a n/a n/a -2.9 -3.8 -3.0
2-(5-acetylfuryl) n/a n/a n/a -6.8 -7.5 -6.8 -5.1 -5.9 -5.2
2-(6-methylpyronyl) n/a n/a n/a -2.4 -3.3 -2.6 -0.9 -1.9 -1.1
SO2C6H5 0.4 -0.7 0.2 n/a n/a n/a -0.5 -1.5 -0.7
OSO2C6H5 -1.7 -2.7 -1.8 n/a n/a n/a -2.4 -3.4 -2.6
SC6H5 -4.5 -5.3 -4.5 n/a n/a n/a -5.1 -5.9 -5.2
NHC6H5 -12.6 -13.0 -12.4 n/a n/a n/a -12.8 -13.3 -12.6




































SO2NHC6H5 1.0 -0.1 0.7 n/a n/a n/a 0.1 -1.0 -0.2
2-(5-ethylfuryl) n/a n/a n/a -8.2 -8.9 -8.3 -6.5 -7.3 -6.5
1-(2,5-dimethylpyrryl) n/a n/a n/a -5.5 -6.2 -5.6 -3.9 -4.7 -4.0
1-cyclohexenyl n/a n/a n/a -3.6 -4.4 -3.7 -2.0 -3.0 -2.2
cyclohexyl -3.7 -4.6 -3.8 n/a n/a n/a -4.4 -5.3 -4.5
N(C3H7)2 -15.7 -16.0 -15.4 n/a n/a n/a -15.8 -16.0 -15.5
(CH2)4NMe2 -3.3 -4.2 -3.4 n/a n/a n/a -4.0 -4.9 -4.1
PO(isopropyl)2 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
P(isopropyl)2 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
P(O)(OPr)2 1.5 0.3 1.2 n/a n/a n/a 0.5 -0.6 0.2
Ge(Et)3 -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
Si(OEt)3 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
Sn(Et)3 -1.5 -2.5 -1.7 n/a n/a n/a -2.3 -3.3 -2.5
P(=NSO2CF3)(C3F7)2 2.8 1.5 2.5 n/a n/a n/a 1.8 0.6 1.5
Si(NMe2)3 -1.7 -2.7 -1.8 n/a n/a n/a -2.4 -3.4 -2.6
2-benzoxazolyl n/a n/a n/a -2.8 -3.7 -3.0 -1.3 -2.3 -1.5
2-benzthiazolyl n/a n/a n/a -3.1 -4.0 -3.3 -1.6 -2.6 -1.8
C(O)C6H5 n/a n/a n/a -1.7 -2.6 -1.8 -0.2 -1.3 -0.4
OCOC6H5 -3.0 -3.9 -3.1 n/a n/a n/a -3.7 -4.6 -3.8
C(O)OC6H5 n/a n/a n/a -2.0 -2.9 -2.1 -0.5 -1.5 -0.7
N=CHC6H5 -11.3 -11.8 -11.1 n/a n/a n/a -11.6 -12.1 -11.4
CH=NC6H5 n/a n/a n/a -2.1 -3.0 -2.3 -0.6 -1.7 -0.8
NHCOC6H5 -5.8 -6.6 -5.8 n/a n/a n/a -6.4 -7.1 -6.4
C(O)NHC6H5 n/a n/a n/a 0.1 -1.0 -0.1 1.5 0.3 1.2
C6H4-4-Me n/a n/a n/a -5.6 -6.4 -5.7 -4.0 -4.9 -4.1
CH2C6H5 -1.8 -2.8 -2.0 n/a n/a n/a -2.6 -3.5 -2.7
N=NC6H3-5-Me-2-OH -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
C6H4-4-OMe n/a n/a n/a -6.5 -7.2 -6.6 -4.8 -5.7 -4.9
CH(OH)C6H5 -2.2 -3.2 -2.4 n/a n/a n/a -3.0 -3.9 -3.1
CH2OC6H5 -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
CH2SO2C6H5 -1.2 -2.2 -1.4 n/a n/a n/a -2.0 -3.0 -2.2
C(Et)3 -4.3 -5.2 -4.4 n/a n/a n/a -5.0 -5.8 -5.0
(CH2)6CH3 -3.4 -4.3 -3.5 n/a n/a n/a -4.1 -5.0 -4.2
SiMe(OSi(Me)3)2 -1.4 -2.4 -1.5 n/a n/a n/a -2.2 -3.1 -2.3
CF2CF2C6H4-4-F 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
C≡CC6H5 n/a n/a n/a -3.3 -4.2 -3.4 -1.7 -2.7 -1.9
CH=NCOC6H5 n/a n/a n/a -0.9 -1.9 -1.1 0.5 -0.6 0.2
CH=CHC6H5 n/a n/a n/a -5.9 -6.6 -6.0 -4.3 -5.1 -4.4
CH2Fe(CO)2(π-C5H5) -6.7 -7.4 -6.7 n/a n/a n/a -7.2 -7.9 -7.2
CH=NNHCOC6H5 n/a n/a n/a -0.9 -1.9 -1.1 0.5 -0.6 0.2




































NHCOC6H4-4-OCH3 -4.5 -5.3 -4.5 n/a n/a n/a -5.1 -5.9 -5.2
SCH=NSO2C6H4-4-Me 0.3 -0.8 0.0 n/a n/a n/a -0.6 -1.7 -0.8
C6H4-4-Et n/a n/a n/a -5.6 -6.4 -5.7 -4.0 -4.9 -4.1
CH2CH2C6H5 -2.7 -3.6 -2.8 n/a n/a n/a -3.4 -4.3 -3.6
N=C(Me)NHC6H5 -5.5 -6.3 -5.5 n/a n/a n/a -6.1 -6.9 -6.1
Si(C6H5)(Me)2 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
S(Me)=NSO2C6H4-4-Me 0.3 -0.8 0.0 n/a n/a n/a -0.6 -1.7 -0.8
2,4,6-trimethylpyridinium n/a n/a n/a -3.9 -4.7 -4.0 -2.3 -3.3 -2.5
PO(CMe3)2 0.9 -0.3 0.6 n/a n/a n/a -0.1 -1.1 -0.3
PO(C4H9)2 1.8 0.6 1.5 n/a n/a n/a 0.8 -0.3 0.5
PO(OC4H9)2 2.2 1.0 1.9 n/a n/a n/a 1.2 0.1 0.9
P(CMe3)2 1.3 0.1 1.0 n/a n/a n/a 0.4 -0.7 0.1
C6H5Cr(CO)3 n/a n/a n/a -6.6 -7.3 -6.7 -5.0 -5.8 -5.0
2-benzo-4-thiopyronyl n/a n/a n/a -3.3 -4.2 -3.4 -1.7 -2.7 -1.9
2-(benzothiopyronyl) n/a n/a n/a -3.9 -4.7 -4.0 -2.3 -3.3 -2.5
2-(benzo-1,4-pyronyl) n/a n/a n/a -3.6 -4.4 -3.7 -2.0 -3.0 -2.2
CH=CHCOC6H4-4-NO2 n/a n/a n/a -5.8 -6.5 -5.8 -4.1 -5.0 -4.2
CH2Mo(CO)3(C5H5) -6.7 -7.4 -6.7 n/a n/a n/a -7.2 -7.9 -7.2
CH=CHCOC6H5 n/a n/a n/a -6.3 -7.1 -6.4 -4.7 -5.5 -4.8
C6H4-4-CHMe2 n/a n/a n/a -5.2 -6.0 -5.3 -3.6 -4.5 -3.7
Si(OSiMe3)3 0.0 -1.1 -0.3 n/a n/a n/a -0.9 -1.9 -1.1
ferrocenyl n/a n/a n/a -4.7 -5.5 -4.8 -3.2 -4.1 -3.3
C6H4-4-CMe3 n/a n/a n/a -5.0 -5.8 -5.1 -3.4 -4.3 -3.6
1-adamantyl -1.9 -2.9 -2.1 n/a n/a n/a -2.7 -3.7 -2.9
1-dibenzarsenyl -2.5 -3.5 -2.7 n/a n/a n/a -3.3 -4.2 -3.4
1-dibenzoarsoxyl -3.0 -3.9 -3.1 n/a n/a n/a -3.7 -4.6 -3.8
1-dibenzoarsazinyl -2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
As(C6H5)2 -0.3 -1.4 -0.5 n/a n/a n/a -1.2 -2.2 -1.4
AsO(C6H5)2 1.2 0.0 0.9 n/a n/a n/a 0.2 -0.9 0.0
P(C6H5)2(BCl3) 0.4 -0.7 0.2 n/a n/a n/a -0.5 -1.5 -0.7
N(C6H5)2 -6.1 -6.9 -6.1 n/a n/a n/a -6.7 -7.4 -6.7
PO(C6H5)2 2.0 0.8 1.7 n/a n/a n/a 1.1 -0.1 0.8
P(C6H5)2 0.3 -0.8 0.0 n/a n/a n/a -0.6 -1.7 -0.8
PS(C6H5)2 2.5 1.3 2.2 n/a n/a n/a 1.5 0.3 1.2
P(N(C3H7)2)C6H4-3-F -0.5 -1.5 -0.7 n/a n/a n/a -1.3 -2.3 -1.5
O




































OO n/a n/a n/a -3.4 -4.3 -3.6 -1.9 -2.9 -2.1
N
N
C6H5 n/a n/a n/a -2.8 -3.7 -3.0 -1.3 -2.3 -1.5




-2.4 -3.4 -2.5 n/a n/a n/a -3.2 -4.1 -3.3
PO(C6H5)C6H4-4-Me 2.0 0.8 1.7 n/a n/a n/a 1.1 -0.1 0.8
CH2PO(C6H5)2 -4.0 -4.9 -4.1 n/a n/a n/a -4.7 -5.5 -4.8
PS(C6H5)C6H4-4-Me 2.9 1.7 2.6 n/a n/a n/a 1.9 0.7 1.6
Si(Me)(C6H5)2 -0.8 -1.8 -1.0 n/a n/a n/a -1.6 -2.6 -1.8
C(O)OCH(C6H5)2 n/a n/a n/a 0.7 -0.4 0.4 2.0 0.9 1.7
PO(C6H4-4-Me)2 1.3 0.1 1.0 n/a n/a n/a 0.4 -0.7 0.1
PS(C6H4-4-Me)2 -0.6 -1.7 -0.8 n/a n/a n/a -1.5 -2.5 -1.7
Ge(C6H5)3 -0.9 -2.0 -1.1 n/a n/a n/a -1.7 -2.7 -1.9
2-methyl-4,6-diphenylpyridinium n/a n/a n/a -2.1 -3.0 -2.3 -0.6 -1.7 -0.8
N=P(C6H5)3 -11.0 -11.5 -10.8 n/a n/a n/a -11.3 -11.8 -11.2
Si(C6H5)3 1.0 -0.1 0.7 n/a n/a n/a 0.1 -1.0 -0.2
Sn(C6H5)3 -6.2 -7.0 -6.3 n/a n/a n/a -6.8 -7.5 -6.8
C(C6H5)3 -0.9 -2.0 -1.1 n/a n/a 0.0 -1.7 -2.7 -1.9




































Table S2. Estimated gas phase standard state (298.15 K, 1 atm) hydration 
equilibrium constants (log Khydr,(g)) for various aldehydes with electron withdrawing 
and electron releasing substituents using training set correlations developed 
between Swain-Lupton positively charged reaction center resonance effect (R+) 
parameters and log Khydr,(g) calculated at the CBS-Q//B3, G4MP2, and G4 levels of 
theory. Estimated log Khydr,(g) presented in the table below are calculated from 
Swain-Lupton resonance effect (R+) parameters given in ref. (1).
substituent CBS-Q//B3 G4MP2 G4
Br -4.0 -4.9 -4.1
SiBr3 -1.9 -2.9 -2.1
Cl -4.0 -4.9 -4.2
P(O)Cl2 -4.1 -5.0 -4.2
PCl2 -0.8 -1.8 -1.0
P(S)Cl2 -4.0 -4.9 -4.1
GeCl3 -2.3 -3.3 -2.5
SiCl3 -0.7 -1.8 -0.9
F -5.6 -6.4 -5.7
I -3.8 -4.7 -3.9
NO2 -0.6 -1.7 -0.9
H -1.7 -2.7 -1.9
OH -11.1 -11.7 -11.0
SH -4.2 -5.1 -4.3
B(OH)2 1.4 0.3 1.1
NH2 -12.1 -12.6 -12.0
PH2 -1.9 -2.9 -2.1
SiH3 -1.1 -2.1 -1.3
C(O)Cl 0.8 -0.3 0.5
CF3 0.0 -1.0 -0.2
N=NCF3 0.1 -1.0 -0.1
CN -0.6 -1.6 -0.8
N=C=O -5.5 -6.3 -5.6
N=N-C≡N 1.9 0.7 1.5
C(O)H 1.3 0.2 1.0
C(O)OH -1.1 -2.1 -1.3
CH2Br -2.6 -3.6 -2.8
CH2Cl -2.7 -3.7 -2.9
CH3 -4.1 -5.0 -4.2
SiCl2(CH3) -3.3 -4.2 -3.4
SiF2(CH3) -2.4 -3.3 -2.6
OCH3 -9.8 -10.4 -9.7
CH2OH -2.2 -3.2 -2.4
OSO2CH3 -3.5 -4.4 -3.7
SCH3 -8.0 -8.7 -8.0
NHCH3 -15.1 -15.5 -14.9
C(O)CF3 0.6 -0.5 0.4
C≡CH -2.0 -3.0 -2.2
CH2CN -1.8 -2.8 -2.0
CH=CH2 -3.9 -4.8 -4.0
OC(O)CH3 -6.3 -7.1 -6.4
C(O)OCH3 -0.6 -1.6 -0.8
NHC(O)CH3 -8.6 -9.3 -8.5
CH2CH3 -4.0 -4.9 -4.1
OCH2CH3 -9.8 -10.4 -9.7
CH2OCH3 -3.0 -4.0 -3.2
SiCl(CH3)2 -2.7 -3.7 -2.9




































N(CH3)2 -15.7 -16.0 -15.4
SO2N(CH3)2 1.5 0.3 1.2
N=NN(CH3)2 -4.9 -5.8 -5.0
SiH(CH3)2 -2.2 -3.2 -2.4
cyclopropyl -4.9 -5.8 -5.0
CH2CH=CH2 -2.9 -3.9 -3.1
C(O)OEt -0.6 -1.7 -0.9
CH(CH3)2 -4.1 -5.0 -4.2
CH2CH2CH3 -4.0 -4.9 -4.1
OCH(CH3)2 -10.7 -11.3 -10.6
OCH2CH2CH3 -9.9 -10.5 -9.9
Si(CH3)2OCH3 -2.5 -3.5 -2.7
SiCH3(OCH3)2 -2.0 -3.0 -2.2
Si(OCH3)3 -1.5 -2.5 -1.7
Si(CH3)3 -1.6 -2.6 -1.8
Sn(CH3)3 -5.2 -6.0 -5.3
CH=C(CN)2 0.2 -0.9 -0.1
2-furyl -5.4 -6.2 -5.5
2-thienyl -5.9 -6.7 -6.0
3-thienyl -5.2 -6.0 -5.3
CH=CHC(O)CH3 -1.1 -2.1 -1.3
cyclobutyl -4.0 -4.9 -4.2
C(CH3)3 -3.0 -3.9 -3.1
(CH2)3CH3 -3.8 -4.7 -3.9
N(Et)2 -17.4 -17.7 -17.1
CH2Si(CH3)3 -6.4 -7.2 -6.4
cyclopentyl -4.1 -5.0 -4.2
CH2C(CH3)3 -3.4 -4.3 -3.5
C6F5 -2.4 -3.3 -2.6
C6H4-4-Br -4.6 -5.4 -4.7
C6H4-3-Cl -4.3 -5.1 -4.4
C6H4-4-Cl -4.5 -5.4 -4.6
C6H4-4-NO2 -3.4 -4.3 -3.5
SC6H4-4-NO2 -5.7 -6.5 -5.8
C6H5 -4.0 -4.9 -4.1
N=NC6H5 -5.4 -6.2 -5.5
OC6H5 -8.3 -9.0 -8.3
SC6H5 -8.1 -8.8 -8.1
NHC6H5 -12.5 -13.0 -12.3
NHSO2C6H5 -10.9 -11.5 -10.8
cyclohexyl -4.1 -5.0 -4.2
Si(OEt)3 -0.6 -1.7 -0.9
C(O)C6H5 -0.2 -1.3 -0.4
OC(O)C6H5 -4.2 -5.1 -4.3
NHC(O)C6H5 -7.2 -8.0 -7.2
CH2C6H5 -5.1 -5.9 -5.2
C≡CC6H5 -3.0 -4.0 -3.2
CH=CHC6H5 -10.0 -10.6 -9.9
CH2CH2C6H5 -3.7 -4.6 -3.9
Si(CH3)2C6H5 -1.5 -2.6 -1.8
ferrocenyl -8.6 -9.3 -8.5
1-adamantyl -4.0 -4.9 -4.2
PO(C6H5)2 -0.2 -1.3 -0.4
P(C6H5)2 2.8 1.6 2.5
CH(C6H5)2 -3.0 -4.0 -3.2
Si(CH3)(C6H5)2 -2.8 -3.8 -3.0




































N=P(C6H5)3 -13.4 -13.9 -13.2
Si(C6H5)3 -0.5 -1.5 -0.7




































Table S3. Estimated aqueous phase standard state (298.15 K, 1 M) hydration 
equilibrium constants (log Khydr,(aq)) for various aldehydes with electron withdrawing 
and electron releasing substituents using training set correlations developed 
between Swain-Lupton positively charged reaction center resonance effect (R+) 
parameters and experimental log Khydr,(aq) from the compilation in ref. (2). Estimated 
log Khydr,(g) presented in the table below are calculated from Swain-Lupton resonance 




























































































































































































































GAUSSIAN 09 ARCHIVE ENTRIES
Gas phase standard state (298.15 K, 1 atm) lowest energy conformations of the 
aldehydes, aldehyde hydrates, aldehyde radicals, and deprotonated aldehyde anions 
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